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The outcome of particle size effect on Photoluminescence has been investigated theoretically for CdS, 
ZnS, CdSe and ZnSe quantum dots. The theory is based on computational modeling in the strong confine-
ment region only where the particle size is less than Bohr’s radius. The Photoluminescence emission line 
shape function which depends on band gap was found to be strongly dependent on particle size. The PL 
spectra of bulk material is similar for the quantum dots where similar vibronic coupling and normalized 
intensity is considered, only the peak wavelength changes and thus shifts the band edge luminescence 
peak to higher energies for the quantum dots corresponding to their band gap with no broadening. The PL 
spectra of monodisperse dots revels the fact that the shape of the emission peak is same, only it shift to-
wards higher energy or smaller wavelength for decreasing size of quantum dots. 
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Quantum dots are semiconductor nanocrystals in 
the range of 1-10 nm with sizes smaller than the Bohr 
exciton radius due to which quantum size effect in 
semiconductor QDs occur. It forms a zero dimensional 
semiconducting nanocrystal so called as dot [1]. Its 
optical and electronic behavior in this size regime lies 
between molecular and bulk form of matter. They 
possess very unique dimension dependent properties, 
such as size dependent band gap which leads to control 
and tune material’s properties. The main advantage with 
QDs is the ability to tune the size of the dots for many 
applications [2]. In past years, a variety of quantum dots 
have been studied theoretically and experimentally also 
it has been found that the optical properties change 
dramatically from their bulk counterparts [3].  
PL spectroscopy is a technique which can yield in-
formation on optical properties of nano semiconductors. 
The most easily observable effect through PL is the 
effect of monodisperse particles on the blue shift of 
optical absorption and emission of the semiconductor 
quantum dot with decreasing size due to the increase in 
band gap [4]. Different theoretical models have been 
developed for the determination of band structure 
parameters in semiconductor quantum dots. Among 
them, effective mass approximation model is most 
important and used in present theoretical investigation. 
The II-VI direct band gap semiconductors have gained 
substantial consideration among other groups due to 
their wide range of applications [5-7]. Present studies 
deals with intrinsic luminescence of such direct band 
gap materials. Modeling of variation of band gap with 
particle size and effect on their PL line shape function 
for CdS, ZnS, CdSe and ZnSe is described theoretically 
here using the concepts of condense matter physics, 
quantum mechanics and MATLAB programming. 
 
2. THEORETICAL MODELING 
 
2.1 Variation of Band Gap with Particle Size 
 
Brus et al [8] considered the bulk materials, where 
the electron-hole pair is free to move in small quantum 
dots, become physically confined. Strong confinement 
leads to a rising of the electronic energy in the same way 
as would be expected from the simple particle-in-a-box 
model of quantum mechanics. Based on the effective 
mass approximation, the energy required for transition 




































where, E(R0) is the effective band gap energy be-
tween valence band edge and conduction band edge of 
Q-dots, E0 is the band gap of the bulk semiconductor, 
   h/2 and h is Planck's constant, m*e is the effective 
mass of electron and m*h is the effective mass of hole, R0 
is the radius of the nanoparticles with actual dielectric 
constant 2  4ε0εr, where εr is relative permittivity of 
medium, ε0 permittivity of free space and 4ε0  107/c2, 
0 is a function of dielectric constant and S is electron-
hole separation. The second term of this equation is the 
kinetic energy of electron and hole, the third term 
arises due to the Coulombic attraction between the 
 




electron and the hole and the last term  is polarization 
energy which is neglected because in isotropic material 
symmetry reduces it to zero and also its  calculation is 




















It is important to note, while calculating E(R0) in 
eV, the second term and third term must be converted 
to eV too. Actually, above equation is the direct solution 
to the Schrodinger equation for particle in one dimen-
sional box, where a particle is subjected to stepped 
potential energy function infinite everywhere except for 
a finite line segment of length L. 
 
2.2 Expression for the Line Shape for Various 
Bulk Materials 
 
As seen from equation 1 the effective band gap var-
ies with the size of nanoparticles which affects absorp-
tion as well as emission spectra of the materials. Thus 
the optical properties are strongly dependent on parti-
cle size, so considering the photoluminescence arising 
from the recombination of carriers at the band-edges in 
the bulk of direct-gap semiconductor with band-gap for 
bulk as E0, the resulting line shape can be represented 















   
, (3) 
 
where Г is the parameter representing the intrinsic line 
width of the PL spectrum arising from the vibronic 
coupling. The full width at half maximum (FWHM) of 
Gaussian profile is equal to 2.354Г. The prefactor 'A' 
represent the area under the curve and hence the inte-
grated intensity. Thus the PL emission line shape is 
function of band gap E0. Using MATLAB this has been 
plotted for four different luminescent materials CdS, 
ZnS, ZnSe and CdSe. The parameter Г representing 
intrinsic line width of PL spectrum arising due to vibron-
ic coupling is considered to be 0.1 [10]. The value of 
prefactor A has been taken by normalizing the PL inten-
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  1 Hence A  Г 2   0.25 
 
For CdS bulk band gap E0  2.43 eV [11] therefore 

















Considering the same values of Г, A and bulk band 
gap E0  3.68 eV, 2.81 eV and 1.71 eV [11] the line 
shape of bulk ZnS, ZnSe and CdSe material will be 














































Now gb(E) was calculated and plotted for different 
values of E for different bulk materials using MATLAB 
modeling as shown in Figure 1. 
 
2.3 The Line Shape for CdS and ZnS Mono-
disperse Nanoparticles 
 
Due to quantum confinement effect, the electronic 
energy levels of a semi-conductor nano-particle (quan-
tum dots) are shifted with respect to bulk. The lowest 
direct inter-band transition energy of a spherical quan-
tum dot of radius R0 has been obtained by Equation 2. 
If all the particles are of radius R0, each one will have 
effective band gap E(R0) and therefore PL line shape 
can be obtained by simply substituting E(R0) in place of 
E0 in Equation 3. The line shape for nanoparticles of 



















The parameters and constants for CdS has been 
taken as E0  2.43 eV, m*e  0.19m0 [12], m*h  0.8m0 
[12-14], 2  5.7  107/c2 [12-14], for ZnS E0  3.68 eV 
[15-17], m*e  0.41m0, m*h  0.61m0, 2  8.3  107/c2  
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Depending upon the crystalline size of semiconduc-
tor nanocrystals, different type of confinements can be 
realized. When the radius of the crystallite R0 is small-
er than ~ 2 exciton Bohr radii, electrons and holes are 
considered as two confined particles, bound by an en-
forced Coulomb interaction and when the crystalline 
radius is larger than ~ 4 exciton radii, the ground exci-
ton is treated as a rigid sphere, confined as a qua-
siparticle[18]. In between these two limiting cases both 
the electron and hole confinement and their Coulomb 
interaction are considered. The effective bandgap for 
various particle radius have been computed using equa-
tion 2 for CdS and ZnS. It can be easily seen, for large 
values of R0 (i.e. bulk) second and third term of Equa-
tion 2 reduces to zero and E(R0)  E0. For smaller val-
ues of R0 (i.e. quantum dots) the kinetic energy of elec-
trons and holes (second term) increases the effective 
band gap and the coulomb interaction energy (third 
term) reduces it. The effective band gap, the kinetic 
energy and the coulomb energy have been computed 
separately for CdS and ZnS quantum dots as shown in 
Table 1 and Table 2. Further using Equation 8 the PL 
 




line shape gqd(E, R0) for different value of E was calcu-
lated and plotted by modeling a program in the range 
R0 in accordance with Table 1 and Table 2. The plot 
between PL line shape (normalized intensity) vs photon 
energy are shown in Figure 2 and Figure 3 for mono-




The normalized PL intensity vs photon energy plot 
is shown in Figure 1 for different bulk materials. All the 
lines are similar since similar values of A and Г has 
been taken. Only the peak position changes due to dif-
ferent values of band gap E0 for various materials. The 
peak is exactly at the E0 value which is clear from the 
Equation 3 (4 to 7 also). The corresponding wavelengths 





Fig. 1 – The normalized PL intensity vs photon energy 
 
 The calculated values of Effective band Gap, Kinet-
ic energy and Coulomb energy for various sizes of CdS, 
and ZnS quantum dots are shown in Table 1 and Table 
2, as particle size is increased the effective band gap 
decreases first rapidly and then  slowly further tends to 
become constant at the bulk band gap value. Above 
5 nm and 4 nm quantization effect may not be observed 
in CdS and ZnS nanoparticles as kinetic energy of elec-
trons and holes and the coulomb interaction energy 
nullify each other. 
 
Table 1 – Calculated values of Effective band Gap, Kinetic 















1 4.42 280 2.44 0.45 
1.5 3.21 385 1.08 0.30 
2 2.81 440 0.61 0.23 
3 2.55 485 0.27 0.15 
4 2.47 501 0.15 0.11 
5 2.44 508 0.10 0.09 
(Parameters: Bohr's exciton radius  3 nm [18], Effective mass 
m*h  0.19m0 and m*e  0.8m0 and Dielectric constant r  5.7) 
 
Table 2 – Calculated values of Effective band Gap, Kinetic en-














1 4.90 253 1.53 0.31 
1.5 4.15 298 0.68 0.21 
2 3.91 317 0.38 0.16 
3 3.75 330 0.17 0.10 
4 3.70 335 0.10 0.08 
 
(Parameters: Bohr's exciton radius  2.5 nm [19], Effective mass 
m*h  0.61m0 and  m*e  0.41m0 and Dielectric constant r  8.3) 
 
The plot for normalized PL intensity vs photon en-
ergy are shown in Figure 2 and Figure 3 for  monodis-
perse CdS and ZnS quantum dots. It can be seen that 
the shape of the emission peak is same, only there is 
shift towards lower energy or larger wavelength by in-
creasing particle radius. In case of CdS nanoparticles of 
radius 4 nm or larger than this there is overlapping and 
very little shifting of peaks. Similar overlapping and 
shifting of peaks were observed for ZnS nanoparticles of 








Fig. 3 – Normalized intensity vs Photon energy 
 
 




4. DISCUSSION AND EXPERIMENTAL  
SUPPORT  
 
Many researchers have reported luminescence of 
nanocrystals of various materials. Their results support 
the theory described above. The comparison of experi-
mental results and theory is discussed here. The systemat-
ic investigation of II-VI quantum dots (ZnS, CdS, CdSe, 
etc.) began using solution-phase synthesis [20]. It also was 
inspired by a theoretical work which showed the linear 
and resonant nonlinear optical properties exhibit the 
greatest enhancement when the nanoparticle radius R is 
much smaller than the Bohr radius of the exciton (aB) in 
the corresponding bulk material [21]. Deviation of proper-
ties are expected for semiconductor QDs in the strong-
confinement limit, where R  aB. The Bohr radii of excitons 
vary strongly between different semiconductors: 10 Å 
(CuCl), 60 Å (CdSe), 200 Å (PbS), 340 Å (InAs), 460 Å 
(PbSe), 540 Å (InSb) [22]. In contrast, the energy level 
structure of II-VI and III-V QDs are much more compli-
cated, with closely spaced hole levels and valence band 
mixing which complicates the study of these materials. 
SN Sahu and KK Nanda reported about the CdS thin 
film sample of different crystalline sizes and thickness was 
prepared by chemical route method and found the band 
gap of CdS increases from 2.5 eV to 4.5 eV for decreasing 
particle size from 6nm to 1nm [23]. This is in agreement 
with the theory described in the present work. 
Wageh et al [24] have studied optical properties of 
mercapto acitic acid capped ZnS nanoparticles. They 
have prepared ZnS nanoparticles of size 3.5nm and 
4.4 nm as obtained by XRD and their effective band gap 
from the absorption spectra is found to be 4.27 eV and 
4.05 eV respectively. The theory modeled here gives the 
values of effective band gaps of ZnS nanoparticles of 
particle sizes (2R0) 3.5 nm and 4.4 nm (where 
R0  1.75 nm and 2.2 nm radius) as 4.1 eV and 3.9 eV 
respectively. These are quite close to the experimentally 




Many workers have reported band to band PL for a 
number of materials. In case of nanocrystals the PL 
peak is observed at same energy as the absorption edge 
which shifts towards shorter wavelength for smaller 
particles. Here the effect of particle size of semiconduc-
tor nanoparticles on the band-edge spectrum is investi-
gated theoretically. The important conclusions drawn 
from the studies of the effect of particle size on emission 
wavelength are as given below: 
1. The PL spectra of bulk material is similar in all cases 
when similar vibronic coupling and normalized PL intensi-
ty is considered only the peak wavelength changes for 
CdS, ZnS, ZnSe and CdSe as 510 nm, 337 nm, 441 nm and 
724 nm respectively corresponding to their band gap. 
2. The variation in band gap may be obtained by reducing 
the particle size to very small values  2 exciton radii. This 
also shifts the band edge luminescence peak to higher ener-
gies.  
3. It is also observed that the PL peak photon energy or 
the effective band gap for nanoparticle of 1nm radius is 
quite large for small Eg material. The increase in effective 
band gap depends not only on the bulk band gap but also 
on effective masses of holes and electrons , dielectric con-
stants and exciton Bohr radius. Hence by reducing nano-
crystal size, small band gap substance can be used to 
obtain visible light. 
4. At the end we can conclude when dispersion is zero 
and particle size decreases there is only shift in the PL 
peak position with no broadening. Similar results may be 
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